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ABSTRAC~ 
The transitions in the electron capture decay of Ybl69 to 
TM169 have been studied by means .of an Intermediate-Image Beta-
Ray spectrom~ter to detect internal conversion electrons, and a 
scintillation detector to study gamma rays. Transition energies 
of 8.4, 20.8, 63.1, 93.6, 109.8, 118.2, 130.5, 177.2, 198.0, 
240.4, 261.0 and 307.7 kev were measured. 
Measurements of gamma-gamma as well as beta-gamma coincidences 
were conducted which included both prompt and delayed coincidence 
runs. These data established the existence of nuclear energy 
levels at 8.4, 118.2, 139.0, 316.2, 379.3, and 472.9 kev above 
the ground state of Tm169. The 316.2 and 379.3 kev levels were 
determined to be metastable with half-lives of 0.66~sec and 
0.06 psec, respectively. The transition from the level at 472.9 
kev was measured to be definitely prompt to less than 0.03 ~sec. 
Multipolarity assignments have been made based on the deter-
mined internal conversion coefficients, and spin and parity 
assignments to the nuclear energy levels have been deduced on the 
T~ report is based on an M.S. thesis by George W. Eakins sub-
mitted December, 1957, to Iowa State College, Ames, Iowa. This 
work was done under contract with the Atomic Energy Commission. 
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basis of the transition multipolaritieso The level assignments 
are in excellent agreement with those predicted by the Bohr-
Mottelson unified model of the nucleuso The occurrence of the 
two metastable states as well as the rather unusual K-capture 
ratios are discussedo 
• 
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I. INTRODUCTION 
Numerous investigations have been conducted over the past several 
years concerning the radioactive decay of Yb 169. These investigations 
have contributed a large measure of suppoi-t for the unified model of 
the nucleus. Although the energy level scheme has been confirmed by 
several inve stigatbr s ( 11, 14, 18),, a question has arisen as to the 
number, location, and half-lives of any metastable states among the 
excited levels in Tm 169. A theoretical problem has been introduced 
in attempting to explain the presence of the metastable states as well . 
as the reason for the rather unusual K-capture ratios to the levels in 
169 ' 169 Tm from the . ground state of Yb . . 
ThisLaboratory has an intermediate-image beta-ray spectrometer 
(21) which makes possible coincidence measurements between well-
resolved internal conversion electrons and gamma rays as observed 
with a scintillation spectrometer. A continuously variable delay is 
available for use in establishing the identity and half-lives of metastable 
levels. 
Since there have been three metastable levels proposed in Tm 1691 
and one was in direct contradiction with previous data taken at this 
:Uaboratory, it was decided to thoroughly investigate any metastable 
levels in Tm 169 because of the theoretical importance of this daughter 
nucleus. 
2 
II. THEORY 
A. Radioactivity 
There are three general categories of radioactive processes: alpha 
emission, beta decay and gamma emission. Alpha emission takes place 
among the heavy elements in which the binding energy per nucleon of the 
daughter nucleus is greater than that of the parent nucleus. 
The beta decay category actually includes three different processes: 
electron emission, positron emission, and orbital electron capture. 
In electron emission a neutron in the nucleus changes to a proton, 
ejecting a negative electron and a neutrino. The electron and the neutrino 
share the available energy resulting in a continuous distribution for the 
electron spectrum in either momentum or energy space with a maximum 
energy dictated by the mass difference between the parent and the 
daughter neutral atoms. The mass of the parent atom is designated by 
M(A, Z) where A is the mass number and Z is the atomic number represent-
ing the number of protons in the nucleus. The mass of the daughter atom 
is then designated by M(A, Z+l). in order for electron emission to take 
place the parent nucleus must be richer in neutrons than its stable isobar 
and M(A, Z) must be greater than M(A, Z+l). 
In the case of positron emission, the parent nucleus is richer in 
-
protons than its stable isobar. A proton changes into a neutron, a posi-
tron and a neutrino with the positron exhibiting a continuous energy or 
momemtum spectrum. M(A, Z+l) must be greater than M(A, Z) + 2m0 
in order for the process to be energetic enough to take place where m 0 
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is the rest mass of the electron. 
Orbital electron capture is similar to positron emission in that the 
parent nucleus is richer in protons than its stable isobar. An orbital 
electron captured by the nucleus results in a proton changing into a neutron 
but only a neutrino i.s ejected from the nucleus. In order for orbital elec-
tron capture to take place the mass relationship must be such that 
M(A, Z+l) is greater than M(A, Z) + E 0 where E 0 is the binding energy 
of the orbital electron. Since K electrons are closest to the nucleus they 
have by far the greatest probability of being captured by the nucleus and 
therefore orbital electron capture is commonly referred to as K-capture. 
Since K-capture results in a vacancy in the K electron shell, an isotope 
which decays by K-capture is easily distinguishable by the energy of the 
X-rays which are detectable from outer orbital electrons cascading in to 
the fill the hole in the K-shell. 
!\"hen a radioactive isotope decays by either alpha emission or beta 
decay, it quite often decays to an excited level in the daughter nucleu,s. 
The nucleus will then emit radiation in the process of getting to its 
lowest energy or ground state . . This radiation falls in the category of 
gamma emission. Gamma rays are photons with discrete electro-
magnetic energy determined only by the transition energy which is the 
difference in energy of the initial and final nuclear energy levels involved 
in the transition. It is also possible for a nucleus in an excited state to 
transfer to an atomic electron the energy released in going to a lower 
energy level. This process is known as internal- conversion and the 
ejected electron ,carries off energy equal to the transition energy minus 
the binding energy of the shell from which the electron was ejected. 
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The transition energy can thus be determined by measuring the energy of 
the electrons and adding on the binding energy of the appropriate ~hell . 
For a given energy transition, the internal conversion coefficient is 
defined as the ratio of the number of internally converted electrons to 
the number of gamma-ray transitions. 
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B. The Shell Model (8) 
Most properties of nuclei vary rather smoothly with the proton 
number Z and the neutron number N . However, there are some obvious 
irregularities associated with nuclei which have either Z or Nor both 
equal to 2, 8, 20, 28, 50, 82, or 126. These so-called magic number 
nuclei can be thought of somewhafin the same way as are the noble 
gases in that the irregularities can be explained in terms of closed 
neutron or proton shells within the nucleus. A nucleus in which there 
are both closed neutron and proton shells is unusually stable. Pb 208 is 
an example of this since it has 82 protons and 126 neutrons. 
I . In order to fully explatn the existence of the magic numbers and the 
absence of any others, an assumption can be made first of all that the 
actions of all other nucleons on the one under consideration can be aver-
aged to a static potential. This assumption leads to characterizing 
each nucleon orbital by individual quantum numbers which determine an 
individual nucleon energy level. In accordance with Pauli1s principle 
thes·e levels are filled successively with protons and neutrons indepen-
dently. Whenever two successive levels are widely sep~rated, the 
complete filling of the lower one, either with protons or neutrons, 
6 
corresponds to a shell closure as in the atomic electron case. This 
assumption leads to the explanation of the magic numbers 2, 8, and 20 
but introduces others not found in nature. If a further assumption is 
made that there exists a strong spin-orbit coupling term which is approxi-
mately 15 times the magnitude of the electromagnetic spin-orbit coupling, 
the nucleon energy levels are shifted somewhat from the previous case 
in such a way that the magic numbers are accounted for and no addi-
tional numbers are predicted from the theory. 
Since the magic numbers are equally good for either protons or 
neutrons, they must fill their nuclear shell levels independently of the 
other. If there are an even number of protons or neutrons, they will 
couple together in pairs so that the total contribution of angular momen-
tum or spin is zero. An odd neutron or odd proton in a nucleus will 
contribute its individual spin and parity toward the total spin and parity 
of the nucleus . In particular if there are, for example, an even number 
of protons and one neutron in excess of a closed shell or one neutron 
less than a closed shell the total spin and parity of the nucleus would be 
just that of the odd neutron or that of the hole in the case of a missing 
neutron. Since the theory predicts explicitly what this should be it is 
possible to check the correctness of the theory by experimentally 
measuring the spin and parity of a nuclear ground state and also any 
excited states which might be predicted. For all such nuclei the shell 
model predictions are in agreement with the experimental ground state 
findings. The same is also true for a wide range of nuclei which have 
a hole or an extra proton or neutron in addition to a closed sub- shell. 
For the majority of nuclei there are several protons and {or) neutrons 
i 
out side closed shells or closed sub - shells . In these cases the resultant 
angular momentum and more model-sensitive properties such as electric 
and magnetic moments can be predicted from the shell model only with 
additional coupling rules 
C . The Unified Nuclear Model 
It is to be expected from very general arguments that a system of 
particles held together by their mutual attraction can perform collective 
oscillations which resemble the degrees of freedo.m by matter in bulk. 
Bohr and Mottelson (2) pursued this reasoning to effect in a straight-
forward manner the generalization of shell models to include collective 
motion of the nucleus . The usual shell model considers a static average 
field in which the particles move, but a more complete description takes 
into account the variation of the field associated with collective oscil-
lations. The unified model describes the nucleus in terms of a coupled 
system of particle and collective degrees of freedom. The most im-
portant collective degrees of freedom for the low energy nuclear proper-
ties are expected to be those associated with oscillations in shape or 
nuclear deformation. The properties of the nucleus depend in an 
essential way on the magnitude of this deformation. 
For a nucleus in which both neutrons and protons form closed shells, 
the spherical shape represents a stable equi.librium. In the immediate 
neighborhood of such a configuration, the deformations are small and 
many of the features of the static shell model are retained although the 
system possesses additional degrees of freedom associated with the 
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oscillations in shape. For configurations sufficiently far removed from 
closed shells, the nucleus acquires a large deformation resulting from 
the deforming effects of many nucleons . 
For most configurations the equilibrium shape possesses axial 
symmetry so that orbits of individual particles may be characterized by 
their component of angular momentum, -'1. , along the symmetry axis. p 
States differing only in the sign of ...fl. are degenerate since they are 
p ' 
identical except for opposite sense of rotatton about the symmetry axis. 
The ground state of a nucleus is obtained by filling particles pair-
wise into states of opposite .n . Thus .!'l = 0 for an even-even nucleus p 
·, 
and is equal to the ...C1. of the last odd particle in an odd-A nucleus p 
where .{l is the total angular momentum of the nucleus ; Mottelson and 
Nilsson (20} have published curves showing the classification of nucleonic 
states in deformed nuclei. Figures 1 and 2 show these curves for proton 
orbits from Z =50 to Z = 82 and neutron orbits from N = 82 to N = 126, 
respectively. The abscissa is the deformation parameter 6 which is 
related to the intrinsic electric quadrupole moment Q by means of the 
0 
relation 
Q = 4/5ZR 2 o(l+l/26+ ... ), 
0 0 
(1) 
where Z is the nuclear charge number and R 0 is the mean radius for 
the nuclear charge distribution which is taken to be 1. 2A 1 / 3 10 -l3 em. 
The individual orbits are labelled by the parity and the component fl. p 
of the nucleon's angular momentum along the symmetry axis. A measure 
of the nuclear quadrupole moment can be used with relation (1) to deter-
mine the value of 6, the deformation parameter. The probable ground 
9 
Figure 1. Spectra for protons from Z =50 to Z = 82 as 
a function of the nuclear deformation 
-~ 
6. 
.2 0.3 
NUCLEAR DEFORMATION PARAMETERS 
Figure 2. Spectra for neutrons from N = 82 to N = 126 
as a function of the nuclear deformation 
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state for a given odd-A nucleus, 150<A< 194, can then be obtained from 
Figure 1 for odd Z and Figure 2 for odd N,remembering that each orbit 
may be occupied twice corresponding to the two possible signs of .fl . p 
These figures will be used later in discussing the Yb 169 decay scheme 
and possible explanations for experimental measurements. 
The spectrum for a strongly deformed nucleus is expected to exhibit 
three distinct types of excitation (2, p. 474). The first of these is single 
particle excitation corresponding to a change in the particle motion with 
respect to the deformed field and characterized by a change in quantum 
number ..ll . The energies involved in such excitation are determined p 
by the spacing between orbits as shown in Figures 1 and 2 plus the de-
coupling energy involved in separating two particles of opposite ...0.. as p 
is necessary in some cases. The second mode of excitation is associated 
with collective vibration which is of much higher energy in strongly de-
formed nuclei than the third mode of excitation which is nuclear rotation 
with preservation of shape and is of primary interest in the case of the 
isotope studied. 
For a nucleus with axial symmetry the energy of a rotational level 
with total angular momentum I is given (11, p. 745) by 
E (I) -E(O) + E(l) [I(I+1) + o a(-)1+ 1 1 2(1+112~ K - K K K, 1 I 2 ·lJ 
+ E( 2) [I(I+l) + o a(-)I+ 1 1 2(I+ll2~ 2 K K, I I 2 . .!.J (2) 
where K is the projection of the nuclear spin I on the nuclear symmetry 
axis, E~) is a constant, E~) is the rotational splitting term ~ , 
E~) is a small second order correction term, and oK, 1 I 2:::JJ except 
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when K = 1/2 in which case it is equal to one . I represents the total 
angular momentum associated with a nuclear energy level and in a rota-
tional band increases in units of one from one level of a rotational band 
to the next. In the rotational splitting term ~~ , 11. is Planck's constant 
divided by 21T and J is the moment of inertia given (2, p. 473) by 
J = 2/5 MA(.6.R) 2 (3) 
for a spheroidal deformation of the incompressible model. In this ex-
pression ..6.R represents the difference between the major and minor 
semiaxis of the spheroid, which is assumed to be small compared to 
the mean radius Ro. The nucleon mass is denoted by M, and A is the 
nuclear mass number . 
If K is not equal to 1/2, Equation 2 becomes: 
E (I) - E(O) + E(l) I(I+l) + E( 2) [r(I+l)1 2 K - K K K !J ( 4) 
However, when K = 1/2 the correction term leads to an anomalous 
rotational spectrum, which is the case in Tm 169, and may also yield a 
ground state spin I0 l=rl. . 
D. Metastable States 
A nuclear isotope is said to have a metastable level if the isotope 
has a p robability of remaining in the excited energy level for a measur-
able pe riod of time before decaying to a lower energy level. The half-
life associated with a metastable state is the period of time it takes for 
the number of transitions from the state to be reduced by a factor of two 
from a previous measurement taken after the level has been populated. 
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A metastable state can usually be explained by the fact that high multi-
pole order transitions are required in order to depopulate the state be-
cause the spin change involved in the transition between the two states is 
at least two units of angular momentum and most probably three or more. 
The probability of a transition taking place is dependent not only on the 
multipole order of the transition but also on the energy of the transition 
and whether it is a magnetic or electric multipole order transition. 
Higher energy transitions are more probable as are electric transitions 
for the same multipole order of transition (19) . 
169 * Tm has two metastable states , neither of which can be explained 
by the previous discussion because the spin change involved is two or 
less and is zero in some instances . One of the metastable levels (6) 
has been well known for several years and can be explained by K-for-
biddenness which is a direct result of the rotational band spectrum 
present in the levels of Tm 169 K is the projection of the total angular 
momentum I on the symmetry axis and in a nucleus with no vibration 
or rotation is just 11. or the spin of the level with which it is associated . 
In the case of a rotational band, however, the K value associated with 
any rotational level is just equal to the spin value of the ground state of 
that rotational band with the possible exception of the case when..(). = 
1 I 2 in which case K = 1 I 2 and the ground state spin I may be 3 I 2 as 
0 
suggested before. Whenever the change inK between two levels is greater 
than the multipolarity of the transition involved, the transition between 
the levels will be impeded (lb) resulting in the top level being 
>',< 
Conclusion drawn on interpretation of data. 
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metastable if all transitions from the level are sufficiently impeded to 
result in a measurable half-life. The degree of the impedance is given 
by v where v =.DR - L with tJ< being the change in K between two levels 
and L being the transition multipolarity. 
The presence of the second metastable level cannot be explained by 
either of the foregoing discussions, but two possible explanations have 
been developed which will be taken up in discussing the decay scheme 
as a whole . 
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III. E ·QUIPMENT 
An intermediate-image beta-ray spectrometer (21) was used in deter-
169 
mining the internal conversion spectrum following the decay of Yb 
A schematic diag ram of the associated electronic equipment is shown in 
Figure 3 . A radioactive source of Yb 169 was placed in the focal point 
at the gamma-detector end of the spectrometer and an anthracene crystal 
' ' 
was used as the detector at the other focal point. A sodium iodide 
(thallium activated) crystal was placed near the source to detect gamma-
ray emission . Two Dumond 6292 photomultiplier tubes were used in 
conjunction with the detecting crystals and their associated light pipes 
in order to convert and amplify the light signal from the crystals into 
electrical p~lses. The beta pulses were then amplified further and fed 
into a trigger circuit and univibrator delay circuit from which the pulses 
were fed to coincidence circuits to measure coincidences and accidental 
coincidences with pulses from the gamma-ray detector which had been 
amplified and then analyzed using a single-channel analyzer (9) . . Pulses 
' from the gamma-ray analyzer were fed into a variable delay in order to 
match the gamma and beta pulses timewise for coincidence measure-
ments. The variable delay was also used in de tecting and measuring 
the half-lives of metastable states and in taking dela yed coincidence 
data. 
Coincidence measurements were also taken between gamma rays 
of a particular energy and the gaD;J.ma-ray spectrum using scintillation 
techniques (13) and the electronic circuitry shown in the schematic 
diagram of Figure 4. This figure shows the method used in taking 
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triple coincidence data, but ordinary double coincidences were measured 
by using any pair of detectors utilizing the variable delay with one of 
them. 
The single-channel analyzers used in selecting gamma rays of a 
particular energy introduce time jitter into coincidence measurements 
because of the relatively slow rise -time of pulses from sodium-iodide 
crystals -approximately 0. 3 JJ.Sec-with the rise-time of the pulses 
made even worse by the electronic circuitry preceding the single-channel 
analyzers. Time jitter is defined as the spread in the time output of a 
single-channel analyzer as a result of the dependence of this output on 
the pulse height input to the analyzer . In order to reduce the ill effects 
of time jitter, a piece of equipment called a time jitter adapter for 
single-channel analyzers (7) was developed at this laboratory which re-
duced the time jitter in the output of an analyzer by a factor of approxi-
mately six . This made possible the measurement of half-lives as short 
as 0. 03 f.LSec whereas the previous lower limit without this piece of 
equipment was approximately 0 . 2 f.LSec . 
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IV. LITERATURE SURVEY OF Yb 169 
It was in 1946 that Bothe (3) was the first to observe the radiations 
169 from Yb . He identified it as the longest lived component (33 days) 
in neutron irradiated ytterbium oxide. Since he identified Tm K X-rays, 
he proposed an assignment to Yb 169 with decay by orbital electron 
capture. On the basis of absorption measurements he reported gamma-
rayenergies of 0. 2 and 0.4 Mev. In 1948 DeBenedetti and McGowan (6) 
made a systematic search for short-lived isomers and reported a 
metastable state in the decay of Yb 169 with a half-life of 1. 0 1-Lsec. 
From absorption measurements they reported that the metastable state 
was followed by electrons from a 0. 19 Mev gamma ray and preceded by 
electrons of a 0. 4 Mev gamma ray as well as by X-rays. In 1950 
Cork~ al. (5) reported beta-ray spectrometer measurements of the 
conversion electrons from gamma rays following the K-capture in 
Yb 169 . The energies of the gamma rays were given as 63. 0, 93. 5, 
109. 7, 130. 6, 176. 8, 198. 1, and 307. 7 kev with the possibility of a 
49. 1 kev gamma ray with conversion electrons of the same energy as 
Auger electrons. In addition,they reported conversion electrons re-
suiting from either a 68. 4 or 118. 0 kev gamma ray. Also in 1950 
Sunyar and Mihelich (25) investigated the decay scheme of Yb 169 .using 
scintillation counter coincidence techniques. They reported that only 
the Tm X-rays preceded the metastable state whose half-life was 
given as 0. 6 (.!.Sec. The metastable state was reported to be 307 kev 
above the ground state. In the same year Fuller ( 10) found the half-
life of the short-lived Tm 169 isomer to be 0. 658! 0. 003 1-1-sec. 
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Martin et al. ( 16) examined the radiations from Yb 169 in 1951 using 
a thin-lens spectrometer and absorption coincidence techniques. They 
reported eleven gamma rays which were observed by their internal 
conversion and photoelectron spectra. The energies . of the gamma rays 
were given as 22. 8, 63. 7, 94. 5, 110. 4, 120. 4, 132. 6, 142. 6, 160. 0, 
177. 9, 198.3 and 308.0 kev. They found the half-life of the metastable 
state to be 0. 67 ~sec. On the basis of their data,two decay schemes were 
discussed. Also in 1951, McGowan (17) examined the radiations from 
Yb 169 with a delayed coincidence spectrometer. He found the half-life 
of the metastable level to be 0. 7 1-1-sec. His data indicated that the 68 
and 94 kev gamma rays preceded the metastable state which lay 308 kev 
above the ground state. 
It was in 1952 that Huus et al. (12) examined the behavior of the 
--
nucleus of Tm 169 under coulomb ~xcitation. They observed the internal 
conversion electrons of the 110 and 120 kev transitions and postulated 
that the second excited state must lie 120 kev above the ground state 
with the first excited level being at 10 kev. 
In 1955 Cork~ al. (4) studied radiations from Yb 169 with scintil-
lation and magnetic photographic spectrometers. They found eleven 
gamma rays with energies of 8 . 4, 20. 6, 63. 2, 93. 6, 109. 9, 118. 3, 
130. 7, 177. 7, 198. 6, 261.0 and 308.3 kev. On the basis of these data 
they indicated that rotational levels lay at 8. 4, 118. 3 and 139. 1 kev. 
As a result of summing crystal data they speculated that the 93 kev 
transition does not lie above the metastable level but introduced a new 
K-capture level. Johansson (14) also examined the radiation from 
Yb 169 in 1955 using a scintillation coincidence spectrometer. He 
20 
obtained data showing that the metastable state lies 318 kev above the 
ground state with the 63 and 93 kev transitions preceding it, and that the 
levels at 10, 120, 142, and 336 kev are rotational in nature. 
Mihelich~~ (18) studied the decay of Yb 169 with permanent magnet 
spectrographs and scintillation counter techniques and in 1956 published 
internal conversion data and listed transition energies of 8. 2, 20. 7, 
63.0, 93.6, 109.8, 118.2, 130.7, 177.7, 198.6, 262.1, and 308.4kev 
with a suggestion for a 45. 0 kev transition. In addition they reported 
three metastable states instead of only one as previously identified ~ 
Also in 1956 Hatch.:.!_~ (11) studied the radiations from Yb 169 using 
a curved-cry~tal gamma-ray diffraction spectromete~, a homogeneous-
field rit~g-focusing spectrometer and a semi-circular spectrometer. 
I 
They reported twelve transitions with energies of 8 . 42, 20. 75, 63. 12, 
93.60, 109.78, 118.20, 130.53, 177.24, 197 . 97, 240 . 4, 261.0, and 
307. 7 kev. 
I 
\ 
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V. MEASUREMENTS AND DISCUSSION OF .RESULTS 
A. Data Utilizing Intermediate-hnage Beta-.Ray 
Spectrometer 
.\ 
169 . The internal conversion spectrum of Yb , was run using an inter-
mediate-image beta-ray spectrometer (Zl) and the results are shown 
169 I 
in the spectrum of Figure 5. The Yb sources were prepa~ed by 
irradiating a sample of ytterbium oxide in the Argonne reactor for a 
169 . period of one month. In addition to the desired Yb · produced, ~he> 
b l75 . four-day activity of Y was obtained which -..yas allowed to die out be-
fore utilizing the sample. The irradiated ytterbium oxide was then dis-
solved in hydrochloric acid and a small fraction evaporated from a hot 
filament in a vacuum onto. films made either of milar or aluminized 
collodian with a density of about 100 J.lgm/cm2 • The choice between these 
two backings had no noticeable effect on the resolution or line shape 
obtained in the spectrum. The internal conversion peaks are labelled 
with the transition energy and the atomic shell from which the electrons 
were ejected. The energy assignments are based partly on the different 
energies possible when the various shell binding energies are considered 
and also on coincidence data which helped to alleviate any questionable 
assignments. The ratios of the amplitudes of the peaks below 500 'gauss-
cm to those above are dependent quite critically on the trigger setting 
which determines, because of their varying amplitude, the pulses which 
are transmitted to be counted. Since the amplitude of pulses from the 
detector are roughly proportional to energy, the pulses due to the low 
energy electrons are very low amplitude pulses and in order to count an 
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appreciable number of them it is necessary to accept a relatively high 
background noise rate. The rat~o of the extremely low energy peaks to 
the high energy peaks is~ therefore~ dependent on the noise level to be toler-
ated, and since ·a higher 'background counting rate can be tolerated when 
conducting coincidence studies it will be noted that the low energy peaks 
are higher proportionately in making coincidence measurements th.an in 
I 
the spectrum of Figure 5. 
' 
The gamma-ray spectrum obtain'ed using the detector situated near 
' the source in the spectrometer is shown in Figure 6. The resol~ion 
,. 
obtained in the spectrum i.S relativeiy poor since a Lucite light-pipe, ' 
' . ' 
35 em long, is n,~c~ssary in order to transmit the Hgitt signals fr~m the 
' I 
Nal scintillator t.o the photomultiplier tube. 
' / ' 
It was thoug~t ' for a while at this Laboratory that the' peak assigned 8. '3 
kev M and Auger L.:..MM in Figure 5 was the 63 kev K conversion line. 
Delay curves run between the X-ray peak in the gamm~-ray spectrum 
and this low energy peak resulted in obtaining a 0. 66 ~sec half-life which 
was attributed to the 63 kev transition lying below the 0. 66 tJ.Sec metastable 
level. However; since this analysis was in direct contradiction with the 
reports of other investigators and since Cork=..!._ al. (4) had postulated 
that the 93 kev transition ~id not lie above the 0. 66 J-LSec metastable 
level, it was decided to run a delayed coincidence spectrum to obtain 
information as to which of the internal conversion peaks actually di.d 
' 
result from trans"i.ti.ons above the metastable state. This was accom-
pUshed by integrating on the gamma-ray spectrum above an energy of 
approximately 100 kev and delaying the beta pulses which were fed to 
the coincidence circuit so that no prompt coincidences could be obtained. 
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In this •manner all peaks due to transitions below the metastable level 
dropped out in the coincidence spectrum and those above stayed in. The 
results are shown in Figure 7 where the L line of the 63 kev transition 
is clearly seen in the coincidence spectrum and the Kline of the same 
transition is shown to occur at a slightly lower momentum than had 
previously been believed to be the case. In addition to the transition 
assignments for a few of the internal conversion peaks being properly 
corrected, the energy assignments, once the corrections had been made, 
became more compatible with the assignments of other investigators. 
!t is clear from the data shown in Figure 7 that both the 63 and the 93 
kev transitions lie above the 0. 66 1-1 sec metastable level. The existence 
of the 8 . 3 kev tran~ition is also proven,although in a negative way since 
the coinf=idences with the peak at about 260 gauss-em show a double 
peak due to the low energy Auger lines. If the peak .at about 260 gauss-
em was made up only of Auger lines, the coincidence peak should look 
.. 
identical t? the same peak in the spectrum. Since this is not the case, 
it is obvious that a conversion line due to a transition below the meta-
stable state has dropped out and this transition can only be the 8. 3 kev 
ground state transition. The location of these transitions can be seen 
in the final decay scheme shown in Figure 21 on page 51. . 
Mihelich =.tal. (18) reported two more metastable states in addition 
to the 0 . 66 tJ.Sec level already discussed . One of these was reported to 
have a half-life of O. 045 tJ.Sec and was assigned to the level from which 
the 63 kev transition originates. They reported the other metastable 
level to have a half-life of 0. 4 tJ.Sec and assigned it to the level from 
which the 93 kev transition originates . Since the K-conversion line of the 
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93 kev transition is a fairly pure peak free of contaminating effects from 
adjacent peaks it was possible to measure dir'ectly any half-life preceding 
the 93 kev transition. In order to define the nHnimum half-life which can 
be measured utilizing the equipment presently available, a delay curve 
between the K-shell internal conversion line of the 130 kev transition and 
the 177 kev gamma ray was run with the re suits shown in Figure 8 where 
it can be seen that no half-life less than approximately 0. 03 IJ.Sec can be 
measured. A delay curve between the X-ray peak in the gamma-ray 
spectrum and the 93 kev internal conversion K-line was then run and 
' 
these data are shown in Figure 9. The results establish that there is 
definitely no . 0. 4 IJ.Sec level from which the 93 kev transition originates 
and that in fact the level is prompt to less than 0. 03 IJ.Sec. The 0. 66 
IJ.Sec half-life shown on the left hand side of the curve in Figure '9, where 
the 93 kev conversion line is delayed with respect to the X- rays, is due 
to those X-rays originating from internal conversion of the transitions 
below the 0, 66 IJ.Sec metastable state, further establishing that the 9'-3 
kev transition lies above this state. A delay curve showing the results 
obtained when a transition does He below a measurable metastable 
state is shown in Figure 10 where the X-ray is delayed with respect to 
the 198 kev internal conversion K-iine and yields a meas\lrement of the 
half-life of the 0 . 66 IJ.Sec metastable level. 
A large number of coincidence curves were taken between different 
peaks in the internal conversion spectrum and the gamma-ray spectrum 
in order to determine which of the transitions were in cascade. In taking 
these data the spectrometer was set to transmit electrons of a particular 
energy., corresponding to the peak of interest in the internal conversion 
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spectrum . . The single-channel analyzer was · then set to scan over the 
gamma-ray spectrum in order to observe which energy gamma rays 
were in coincidence with the chosen electrons. A sample of the results 
is shown in Figures 11 and 12. Figure 11 shows the 110 and 198 kev 
transitions to be in cascade as well as the 110 and 261 kev transitions. 
The 110 is also in coincidence with the 177 kev transition although to a 
much smaller degree·. -From Figure 12 the 130 kev transition is ob'-
served to be in coincidence with the 177 but not the 198 kev transition. 
A coincidence peak is also observed at 240 kev which could very well 
be due to the 240 kev transition reported by both Johansson (14) and 
' I 
Hatch..=,! al. (11). However,summing between the 177 and 63 kev transi-
tions would also result in a coincidence peak at 240 kev similar to the 
coinciden-ce peak at 112 kev which is due to summing between the 63 
kev gamma rays and the 49 kev Tm X O:: rays. 
As a result of the publication by Cork~ al. (4) in which a postula-
tion was made regarding the location of the 93 kev transition, an effort 
was made to tie down its location in the decay scheme by determining 
whether or not it was in coincidence with the 261 kev transition. Since 
the 261 kevtransition is an extremely weak gamma-ray transition, the 
coincidence rate was too low to pick up the 93 kev internally converted 
K-electrons and scan the gamma spectrum to observe whether a 261 
kev gamma-ray peak was present in the coincidence spectrum. There-
fore,a series of coincidence runs was made as shown in Figure 13, 
integrating above three different gamma-ray energies ,and scanning the 
internal conversion spectrum to obtain ratios between the 93 and 110 .1 
kev K-conversion line intensities for purp?se of analysis. Si.'pce the 308 
l II 
en 
.... 
z 
j 
0 
u 
"' u z 
"' Q 
lJ 
z 
-0 
u 
~~ 
2~ 
I ~ { \ 
X GAMMA-RAY SPECTRUM 
o -COINCIDENCE SP~CTRUM 
o/ \ 
~ 02 ~ ~ ~Q2 ~2 ~ ~o~ 0 o 
""""""- o" oo ___. 
• x"'" --......._., o o_,.x.x.x~ oooo~ .M~xxxxxxuxxx 
800 0 """' 0 oOOoo 0 o~"'r . I """"""" !9P l!llO- 700 ooo o I 400 5oo ~ I 00 300 RY UNITS 100 2 HEIGHT- ARBITRA 0 - WINDOW 
Figure 11. Yb 169 gamma-ray spectrum--prompt coincidences 
with 110 kev internal conversion K-line 
w 
N 
fJ) 
..... 
z 
:;) 
0 
(.J 
Ybl69 
X GAMMA-RAY SPECTRUM 
0 CO INCIDENCE SPECTRUM 
F . . 12 Yb 169 . .d tgure . gamma-ray spectrum-prompt co1nc1 ences 
with 130 kev internal conversion K-line 
;'-
w 
w 
34 
o Y~691NTERNAL CONVERSION SPECTRUM 
o. X COINCIDENCES WITH GAMMA-RAY PULSES ABOVE 580 WH SETTING 
GAMMA-RAY COUNTING RATE APPROXIMATELY 950000/IOMIN 
b. A COINCI~NCES WITH GAMMA-RAY PlA..SES ABOVE 510 WH SETTING 110 kev 
GAMMA-RAY COUNTING RATE APPROXIMATELY 95,00015MIN D I< 
c. D COINCIDENCES WITH GAMMA-RAY PULSES ABOVE 440WH SETTING 
GAMMA-RAY COUNTING RATE APPROXIMATELY 138,000/SM!N• 
LEVELS 
b 
!~\ . 
I \ 
,I \ 
' ·' / a,......,.-• ....,' A 
D b a..., • ' &/A ; 'a ' A~:: 0 ~ b A_,,-'04- ....... b V ...... Jl X 'x Ab 
a ~.,- x-x-~ 6 - 6..-x-x-.-.- -•-x-x"" 'xo OL-~~-~~~-~----------~'~·-~·--------J-----------~-----------L-----~ 
600 650 600 750 900 
GAUSS ·CM 
F . 13 Yb169 . 1 . d tgure . tnterna converston spectrum an 
coincidence results with high energy 
gamma-ray transitions 
\ 
35 
kev transition is n~t in coincidence with the 110 kev transition, ·. all coinci-
dences with the 110 kev transition must result from either the 261 or 198 
kev gamma rays. The three settings utilized for integrating with the 
single-channel analyzer are indicated on the gamma - ray spectrum shown 
as an insert in Figure 13 . A graphic analysis of the data is shown in 
Figure 14. 
Curve a in Figure 13 was obtained integrating at the highest energy 
setting shown on the gamma-ray spect'rum, while curves E and ~ were 
obtained by integrating , at the successively lower settings indicated. 
For curve ~ it is naturally assumed that the vast majority of gamma-ray 
pulses transmitted are due to the 308 kev transition,although the presence 
' ' 
of coincidences with the 110 kev internal conversion line proves• ~ the 
presence of some 261 kev gamma rays. The ratio of 15/l chosen in 
Figure 14 for the number of 308 to 261 kev gamma rays present in this. 
case is based on what seems reasonable and is also consi~tent with the , 
data obtained at the other two settings. The reason for th~ coincidence 
peak of the 110 kev I. C . line being larger than the I. C. 93 kev coinci-
dence peak is that the 110 and 261 kev transitions are in prompt coinci-
dence while the 93· and 308 kev transitions are in coinciden~e through a 
metastable state . 
The factor 8 used to compute the number of 93 kev I. C. coincidences 
due to the 261 kev gamma-ray transitions in Figure 14 is b~sed on both 
the transition relative intensities and the ratio of the 110 to the 93 kev 
internal conversion peaks. Because of the branching ratios, shown in 
the decay scheme of Figure 21, a given 93 kev I. C. transitiofl has about 
five chances in eighty-eight of being in coincidence with a 261 }cev 
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transition while a given 110 kev I. C. transition has a chance of about five 
in sixty-three of giving a similar coincidence. Since the ratio of the 
amplitude of the 110 to the 93 kev I. C. peaks is approximately 6, the 
ratio of the coincidence peaks should be 6x88/63 or approximately 8 .. 
For curve ~of Figure 13, the total number of gamma-ray counts 
were the same as for curve ~with the only difference beirtg that. this 
total was achieved in half the time. Therefore,the to~al transitions are 
indicated as 16 again in Figure 14 as was the previous case. However, 
the fraction of 261 kev gamma rays being counted had increased and is 
indicated as 3 pa'rts of the total of 16 to be consistent with the amplitude 
of the 110 kev ~·C. coincidence peak and with reason since almost all 
of the 308 kev gamma rays were being counted, whereas less than half 
of the 261 kev gamma rays were above the integrating level and the 308 
kev gamma-ray transition is approximately twice as intense as the 261 
kev gamma-ray transition. 
From curve 5:. in Figure 13 it can be seen that coincidences with the 
110 kev I. C. line have increased measurably due to the increase in the 
number of 261 as well as the introduction of the 198 kev gamma rays at 
the lower energy integrating level. The 198 kev transition is also in 
coincidence with the 93 kev transition through the 0. 66 JJ.Sec metastable 
level and,as such,the ratio of the number of coincidences of the 93 kev 
I. C. line with the 198 to the 308 kev gamma-ray transitions is in direct 
proportion to the ratio of the number of these two transitions to each 
other . The number of total gamma-ray transitions counted increased 
by a factor of approximately one and a half over the two previous cases 
"l 
38 
in the same period of time as the latter of the two. For this reason the 
total transitions are indicated in the scale of Figure 14 as 24 divided as 
shown. 
The number of coincidences of the 93 kev I. C . line associated with 
each of the 308, 261, and 198 kev transitions for the set of data in 
Figure 13 are shown in Figure 14 above the indic~ted transition fractions 
for the three different integrating levels. The coincidences ~ith the 110 
kev I. C, line are also shown in the same manner in order to note the 
overall consistency of the data and the choosing of the transition frac-
tions. 
If the 261 kev transition \>ere , not in coincidence with the 93 kev transi- · 
don, the number of coincidences with the 93 kev I. C . line would have to 
decrease from the data of curve a to that of curve b since a smaller 
fraction of 308 kev gamma-ray transitions are present in the latter 
case. As this is not the case and the number of coincidences increases 
as the total number of transitions remain constant with the 261 kev transi-
tion increasing at the expense of the 308 key transition, it . is obvious 
that not only is the 261 kev transition in cascade with the 93 kev transi-
tion but that the nuclear energy level separating the two is essentially 
prompt and certainly has a half-:Hfe much shorter than 0. 66 IJ.Sec. 
There can be no other conclusion from these data except that the 93 and 
261 kev transitions are in coincidence and from this set of data· appar-
ently in prompt coincidence. 
Since the 261 kev transition is a cross-over transition with the 63 
and 198 kev transitions originating and terminating, respectively, at the 
two energy levels involved in the 261 kev transition, the 63 kev transition 
39 
must also be in coincidence with the 93 kev transition through the same 
energy level which separates the 93 and 261 kev transitions. This is 
the same level which Mihelich~ c:!.: (18) assigned to be metastable with 
a half-life of 0. 045 tJ.Sec. An attempt was made to verify the presence of 
a metastable state at this energy level by adjusting the beta-ray 
spectrometer to focus internal conversion electrons from the 93 kev 
( 
transition. The single-channel analyzer was set to window on the 
portion of the gamma-ray spectrum which is' on the high-energy side of 
the X-ray peak so that the window would accept as high a percentage of 
! 
63 kev transitions as possible with as little as possible contamination 
from X-ray and higher energy transitions. A delay curve was then run 
between these settings on the spectrometer and analyzer in an effort 
to detect a measurable half-life. The spectrometer was then set t? 
accept electrons resulting from the 110 kev transition and a similar 
delay curve run in order to establish the slope of the delay curve when 
no metastable level is involved. The 110 kev transition follows the 63 
kev transition and as suc..-~ -no coincidences could be obtained when the 
110 kev transition is delaye~ with respect to the 63 kev transitio~an 
amount such that the delay is outside the prompt region of coincidences_. 
It can be seen from the data shown in Figure 15, that a metastable level 
exists between the 93 and 63 kev transitions with a half-life of approxi-
mat ely 0. 06 tJ.Sec . 
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B. Data Utilizing Scintillation Counter 
Coincidence Techniques 
In order to further check the existence of the reported 0. 045 ~se_c 
I 
metastable state and ~1so look for the 0. 4 J.LSec metastable level reported 
by Mihelich~~ ( 18) it was decided to run a delay curve similar to the 
one which they h~d run to .obtain their reported results. Two single-
' ' 
channel analyzers were used with one windowing on the X-ray peak of 
the gamma-ray spectrum shown in Figure 16 and the other windowing 
on the h:igh-enetgy side of the X-ray peak in order to pick up 63 kev 
gamma rays with as little contamination as possible from the X-ray 
peak or from any high-energyGompton distribution. The X-ray and 63 
.kev peaks are resolved 'separately in Figure 16 in order to 'show the 
appropriate setting to obtain maximum fraction of 63 kev transitions 
in the window. The results of running a delay curve between the transi-
tions picked up at these two settings are shown in Figure 17. The 
results definitely establish the existence of a metastable state at the 
level from which the 63 kev transition originates and the half-life obtained 
for this metastable state is again 0. 06 tJ.Sec, as. was the case from the 
data shown in Figure 15, which is a slightly higher value than that re-
ported by Mihelich-=!_ al. ( 18) . They ran this same type of curve to 
obtain their .value of 0. 045 ._.,sec and also their reported o;· 4 .,._sec half-
Hfe,although they admittedly had better resolution so that they obtained 
a much higher fraction of 63 kev gamma rays in their window which 
supposedly contained only 63 kev transitions. Actually both X-rays and 
G:iomptons from higher-energy transitions below the 0. 66 fJ.Sec level 
would. be expected to be present in a window containing the 63 kev gamma 
~ 
Tm X-RAY 
PEAK 
\ 
:* I / IO I / 
~ I .l IO :e 
:e 
~ Mrnl_ q, 
0 
I 
0 
0 
\'--v"'_ 
--
r_ 
"--' 
A - RESOLVED 63 kev GAMMA-RAY PEAK 
\ 
-(' 
NyX 10 
oOOoo 
00 000 
oo • o 
X 
X X X X X 
X 
400 500 - 600 
WIN DOW HEIGHT- ARBITRARY UNITS 
Fig~re 16. Yb 169 gamm~-ray spectrum 
_,.. 
X X 
X 
0 0 0 
800 
j 
/ 
,~ 
~ 
N 
en 
t-
z 
::> 
0 
0 
LLJ 
(.) 
z 
LLJ 
0 
--(.) 
z 
-0 
0 
63 kev GAMMA-
RAY DELAYED 
o OBSERVEO DATA 
X AFTER SUBTRACTION 
X- RAY DELAYED 
DELAY IN J.L SEC. 
Figm·c~ 1 "{ . 169 Yb d elay c u rve - X -ray vs . 63 kev 
garnrna :rays 
44 
rays and these would c ontribute a 0 . 66 tJ.Sec half-life which is what actual-
ly was obtained in taking the data shown in Figure 17. No evidence for a 
0. 4 1.1sec half-life was observed although it could conceivably have been 
overshadowed by the 0. 66 tJ.Sec fraction present. The 0. 66 tJ.Sec half-
life on the left hand side of Figure 17 is due to the X-rays following the 
internal conversion of transitions below the metastable state, as was the 
case in Figure 9. 
Since no evidence could be found for a metastable state with a half-
life of 0. 4 tJ.Sec, it was decided to rerun the delay curve of Figure 17 
in such a way that any 0. 66 tJ.Sec half-life would drop out, making .it 
possible to observe any 0 . 4 tJ.Sec half-life due to a metastable state 
lying above the 0. 66 p.sec metastable level and decaying by way of the 
63 kev transition as pos~ulated by Mihelich=!.~ (18) . This was ac-
complished by means of the triple coincidence circuitry shown in 
Figure 4. One analyzer, which is labelled No. 3, was set to integrate 
and obtain gamma rays with energies greater than 100 kev so that the 
vast majority of the transitions below the 0 . 66 tJ.Sec metastable level, and 
detected in chanpel 3, would ·be included in the output of the analyzer but 
those transitionS above the 0. 66 tJ.SeC metastable level would be ex-
cluded as much as possible since they would contribute only accidental 
coincidences to the data obtained. The other two analyzers were set to 
window as before- No. 1 analyzer on the X-ray and No. Z analyzer on 
the 63 kev side of the X - ray- but both outputs were delayed with 
respect to the output of No . 3 analyzer so that no prompt coincidences 
could be obtained with channel No . 3 and therefore the only true 
45 
coincidence pulses in the output of the coincidence ci.rcuit between chan-
nels 2 and 3 would be with pulses from channel 2 arising from transitions 
above the 0. 66 ~sec metastable state. This coincidence output was then 
fed into a coincidence circuit with pulses from channel 1 which had been 
fed through a variable delay and were due to X-rays which had been 
singled out in analyzer No. 1. By varying the delay of channel 1, a 
delay curve between the X-ray and the 63 kev gamma-ray transitions 
was obtained in which no 0 . 66 ~sec half-life would be observed and a 
0. 4 fJ.Sec half-life should have been readily detectable if the data and 
conclusions of Mihelich~ al. (18) were sound. 
In order to calculate the accidental coincidences which had to be 
subtracted from the measured triple coincidences to obtain the true 
triple coincidence counting rate, it was necessary to consider not only 
triply accidental coincidences but doubly accidental coincidences as 
well which contributed to the measured triple coincidence counting rate. 
The formula used for calculating accidental coincidences was 
where Nl' N 2, and N 3 are the three channel total counts in timet, c 23 
is the total coincidence counts between channels 2 and 3 in time t includ-
* * ing accidentals, C 13 and C 12 are the true coincidence counts between 
channels. 1 and 3 and channels 1 and 2_, respectively, in time t, and 27" 123 
and 2r23 are the resolving times of the two coincidence circuits 
described by the subscripts. In order 
27"13 
form,the quantity c 13 - -t- N 1N3 was 
to put the formula i.n usable 
. * subshtuted for cl3 and similarly 
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2'7'12 * c 12 - -t- N 1N2 was substituted for c 12 with the realization that for 
these substituti~ms to be valid 2r12 and 2r13 must be equal to 2r123. The 
formula for calculating accidentals then becomes: 
or when all 2r1s ~remade equal to 2r123 
., 
For taking triple coincidence data, therefore, a total of seven $Calar.s 
we·re needed in order to record the s~ven counting ra,tes of interest__: 
\ 
The .data obtai11ed as a result of taking triple coincfpence measure-:-
! . ' . '. 
ments of the typ~ described are shown in Figure 18 and .no 0. 4]J.sec 
half-life is 6bserved comparable to the intensity reported by Mihelich 
et ·at . (18). The double coincidence counting rate between the X-ray and 
-- ' . . 
63 kev gamma rays is also shown in Figure 18, demonstrating how the 
triple coinci?en~e data eliminated the 0. 66 llsec half-life fraction. 
Although 'the triple' coincidence data tend to refute the possibility 
of a 0. 4 lJISec meta~table level which lies above the 0. 66 JJ.Sec metastable 
level and feeds it by way of the 63 kev transition, there is always the 
possibility t~a t the data of Mihelich .=.!_ al. ( 18) c auld be explained by a 
0. 41lsec level lying below the 0. 66 JJ.Sec level, or by a 0 . 4 _JJ.Sec leyel 
lyin:g above the 0. 66 JJ.Se~ level but depopulating by a transition which 
crosses over the 0. 66 JJ.Sec metastable level. Neither of these possibili-
ties is eliminated by the triple coincidence data, but both require 
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I 
additional transitions and nuclear energy levels which have not been ob-
served at this li.,a.boratory or by any of several other investigators. 
Two scintillation detectors were also used in taking coincidence data 
to help establish the correct decay scheme for Yb 169 . Figure 19 shows 
the coincidence spectrum obtained by setting on the 198 kev portion 'of 
the gamma-ray spectrum with one analyzer while scanning the spectrum 
with the other analyzer. It can be seen that the 110 kev transition is in 
coincidence with the 198 key gamma rays but that the 130 kev transition 
is not . The coincidence peak at approximately 160 kev is due to summing 
between the 110 kev gamma rays and X-rays . There are no higher 
energy transitions in coincidence with th~ 198 kev gamma rays. 
\ 
Coincidence data were also taken setting on the 177 kev portion of 
the spectrum with one analyzer and scanning the spectrum with the 
other. The re·sults are showri' in Figure 20 where a prominent peak at 
130 :kev can be seen alongside a smaller coincidence peak with the 110 
kev gamma: rays . The broad coincidence peak at 180 kev is due to sum-
ming of the X-rays with both the 130 and the 110 kev transitions : Again 
\ 
no higher energy coincidence peaks were detected. 
. . . 
C . The Decay Scheme 
169 The proposed decay scheme for Yb is shown in Figure 21. The 
. ) . 
energy values listed are those of Hatch et al. ( 11} since their resolution 
-- \J 
and energy determinations are superior to those at this Laboratory. 
The postulation of Huus ...=._!; al. (12) that the first excited level in 
Tm169 lies at approximately 10 kev above the ground state with the 
I 
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second level being at approximately 120 kev is born out by the internal 
conversion data and the delayed coincidence data. The delayed coinci-
dence data of Figure 7 definitely establish the existence of an 8. 3 kev 
transition lying below the 0. 66 1-1sec metastable level while 109.8 and 
118 kev transitions are detected in the internal conversion spectrum of 
Figure 5 and also lie below the metastable state . Since the 198 kev 
transition is in coincidence with the 110 but not the 130 kev transitions 
from data shown in Figures 11, 12, and 18, while the 177 kev transi-
tion is in coincidence with both the 110 and 130 kev transitions from 
the data of Figures 11 » 12, and 19, . the 198 kev transition must termi-
nate at the level from which the 110 kev transition originates while the 
130 kev transition crosses over this level. The 177 kev transition 
must terminate at the level from which the 130 kev transition originates 
and be in coincidence with the 110 kev transition by way of the 20 kev 
transition seen in the internal conversion spectrum of Figure 5. This 
means that the 177 and 198 kev transitions originate from the same 
level,namely the 316. 2 kev level,and the 30& kev transition must be 
between this level and the 8. 4 kev level. Since all of these transitions 
lie below the 0. 66 1-1sec metastable state , and the other two main transi-
tions, namely the 63 and 93 kev transitions~ were shown to lie above 
this metastable level by the data of Figure 7, the 316. 2 kev level has 
to be metastable with a half-life of 0. 66 llsec The 93 and 63 kev· 
transitions are in cascad.e above the 0. 66 ~sec metastable level with 
the 93 kev transition preceding the 63 kev transition since it is also in 
coincidence with the 261 kev transition from the data of Figures 13 and 
14, and the 261 kev transition i s in coincidence with the 110 kev 
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transition from the data of Figure 11. The weak 240 kev transition must 
cross over the metastable state as shown since it yielded coincidences 
with the 130 kev internal conversion K-line in the data shown in Figure 12. 
Level Fat 379. 3 kev is metastable as shown by the data in Figures 
. 15 and 17 and has a half-life of approximately 0. 06 J.LSec. All other 
levels are prompt within the ability of the equipment at this Laboratory 
to measure any half-life associated with them. 
The multipolarity of the transitions was ' determined by calculating 
the internal conversion coefficients of the transitions 'from the measured 
intensities of the gamma ray and the internal conversion transitions 
normalizing the ,intensities to. the assumption that the 130 kev transition 
is a pure E2 transition with a K-shell internal conversion coefficient of 
0. 54 (24). The results are shown in Tab~e 1 where the experimental 
internal COl,lVersion coefficients resulted from dividing the relative in-
tensity of each. conversion line by the corresponding gamma-ray relative 
intensity. Two sets of.gamma-ray relative intensities are listed-
one as reported by Johannsen (14) and the other by Hatch-et al. (11). 
Johannsen used scintillation methods with a resoiution proportional to 
1/(E and equal to 6. 2% for the Cs 137 662 kev line, where E is the 
energy in kev. Hatch~ al. used a curved-crystal gamma-ray diffraction 
. -4 
spectrometer with a resolution .6.E/E = 0. 3xl0 E or 2% for the 662 
kev line of C .s 137 . Because of the superior resolution which Hatch~ al. 
obtained, their intensiti.e s should be preferred to those of Johanns on. 
However, a close examination of the data reported by Hatch_!! al. reveals 
that rather heavy corrections were made in order to account for self-
Table 1._ Determination of transition assignments and decay fractions 
Tran- Gamma-ray Internal conv. Internal conv. Transition 
sition rel. int. relative intensity shell coefficient a. assignment 
energy Hatch J'oh&nnson (a) 
K L M :K I:+ Jl: Total KEV 
8 . 4 60 Ml+Ez 
zo.s 7.4 1.9 M1+Ez 
. sod 63.1 64 41. z 9.7 z.z . 18 . 98 El 
93 . 6 4.4 5.6 11.6 L+M Z.64 . 47 3.11 Ml+Ez Z.06 
109 . 8 zz Z3.7 43 . Z L+M 1. 96 • 39 z. 35 Ml+Ez 
8.67 
118. z Z.6 1. 8 . 69 l. 15dl. 84 Ez 
.7ldl.Z5 130.5 15 15 8.10 .54 Ez 
177, Z 31 Z4 13.6 L+M .44 .08 . SZ M 1+Ez Z.6 
198. 0 51 35. 3· 16.5 L+M . 32 . 07 . 39 M 1+Ez 
Z40 . 4 1 (. 7)e 3.6 . 029d d • 006 . 035 E 1 
Z61. 0 8 (5)e .OZ3d d • 005 . OZ8 E 1 
307. 7 18 9.9 . 76 • zz .04Z . OlZ . 054 Ez 
&Obtained using the gamma-ray relative intensities of Hatch et al. (11). 
bObtained using the gamma-ray relative intensities of Johann~:{l4). 
Internal conv. Total transition 
coefficient a. relative intensity 
(b) ~l+«V 
K I:+ll Total (aJ {DJ --
d 
• 80 . Z9 1. 09 1Z8. 8 86 
Z.07 . 37 z. 44 18. 1 19.Z 
1. 8Z . 37 z. 19 73.8 75.6 
d d 
.69 1.15 1.84 7.4 7.4 
.54 . 7ld 1. Z5 33.8 33.8 
. 57 .11 .68 47.2 40.Z 
.47 . 10 . 57 71.1 55.4 
d d 
. 029 • 006 . 035 1.035 . 7 
d d 
. OZ3 . 005 . OZ8 8 . ZZ 5.1 
• 077 . ozz . 099 19.0 10.9 
Decay 
fraction 
{aJ {'6J Average 
(95)c (94)c 95 
(7)c (1Z)c 10 
9Z 7Z 8Z 
13 16 14 
53 63 58 
5 6 5 
Z4 Z8 Z6 
34 34 34 
50 46 48 
1 1 1 
6 4 5 
14 9 11 
cPercentage ~ould not be determined directly and therefore was inferred from the percentages into and out of each nuclear 
energy level. 
dTheoretical value used since experimental value could not be determined directly. 
elnferred from value 308 kev transition and using ratios obtained using the values of Hatch=.!._ al. (11). 
Ul 
~ 
55 
absorption in the source, reflectivity of the curved quartz crystal, and 
the efficiency of the Nal scintillation detector . The accuracy of these 
corrections is not known, but for certain energy gamma-ray transitions 
this Laboratory is in closer agreement with the gamma-ray relative 
intensities reported by Johannsen than with those reported by Hatch 
..:.!_ ~ although the resolution obtained at this Laboratory in detecting 
gamma rays is inferior to that of both investigators. In particular, 
Hatch~ al. (111} report the 308 kev gamma.:.ray transition to be nearly 
as intense as the 110 kev transition-their ratio being 18/22. On the 
other hand,Johanrison (14) reports this ratio to be 9. 9/23 . 7 which seems 
more reasonable; when one looks at the data of Figure 16, remember-
ing that the width at half maximum for a peak is proportional to (F; 
and that the efficiency for detecting 308 kev gamma rays is approximate-
ly 75% from data taken at this Laboratory while the efficiency for detect-
ing 110 kev gamma rays is approximately 100%. Because of this dis-
crepancy and the inability to rely completely on the gamma-ray relative 
intensity values of Hatch~<:!.:_ (11), it was decided to make calculations 
using each set of gamma-ray relative intensities separately and then 
taking the average of the decay fractions obtained as probably being as 
reliable or more reliable than either of the original sets of decay 
fractions . The decay fractions in each case were obtained by normaliz'-
. 169 
mg the data to 100% for the decay from the Yb ground state as well 
as ~OO% for the decay into the Tm169 ground state. This merely says 
. 169 . b that for every Yb atom decaymg y K-capture there eventually re-
sults a Tm 169 atom in the ground state . In particulal) the normalization 
was achieved by realizing that the sum of the percentages of transitions 
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into and across an energy level or also out of and across an energy level 
must be 100% so long as there is no decay taking place from the decaying 
nucleus directly to levels below the level chosen for normalization. 
Levels B and E shown in the decay scheme were chosen as the norrnaliza-
tion levels since all of the major transitions except the 63 and 93 kev 
transitions Tt.Bre accounted for using these two levels and no transition 
was given any particular preference over any other as far as the normal-
ization was concerned. The total transition relative intensities of 
the 307. 7, 261. 0, 240 . 4, 198. 0, and 177 . 2 kev transitions were added 
' to the 109. 8, 118. 2, 130. 5, and 307. 7 kev total transition relative in-
tensities and set equal to 200 to obtain the normalization factor. 
Table 2 shows the percentage of transitions going into and corning out 
of each energy level on the basis of the average decay fractions shown in 
Table 1 and also in the decay scheme of Figure 21. At each level the 
percentages should be equal and this is seen to be essentially the case 
although this should not be taken as an indication that this is the final 
answer . The main point of interest in determining the decay fractions is 
Table 2 . Transition per'i.~~tages into and 
out of each Trn energy level 
Energy level Total transition percentage Total transition 
percentage 
In Out 
B 95 95 ., 
c 63 6.3 
D 35 36 
E 93 93 
F 89 88 
G 14 14 
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in determining the proper K-capture percentages to levels E, F and G. 
On the basis of these calculations 11% of the K-capture takes place to 
level E, but this percentage is dependent quite critically on the decay 
fraction used for the 63. 1 kev transition and it was this transition which 
gave the worst agreement between using the gamma-ray relative inten-
sities of Johannson or Hatch et al. In fact most of the other transitions 
gave very good agreement, as can be seen in Table 1. Although 11% is 
probably very close to the correct K-capture percentage to level E, 
precise, reliable gamma-ray relative intensities will be needed for a 
final analysis of the K- capture percentages. 
The transition assignments made in Table 1 are based on the calcu-
lated internal conversion coefficients shown in the table. Those internal 
conversion coefficients which are marked with footnote d are theoreti-
cal conversion coefficients since no experimental data could be taken to 
determine these directly. In general, in these cases the K-shell internal 
conversion coefficient was used to determine the multipolarity of the 
transition and then the L and M shell conversion coefficients were taken 
from Rose 1s (23) tables corresponding to the determined multipolarity. 
The spin and parity assignments shown to the left of each energy 
level in Figure 21 are derived from the experimentally determined 
transition assignments . Ml and E2 transitions occur between levels 
which have the same parity while El transitions are between levels of 
opposite parity. This establishes levels F and G to have negative parity 
and all the rest to have positive parity, since the ground state of Tm 169 
is 1/2 + (15) . The K-value associated with each level is shown to the 
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left of the spin assignment. The ground state and the first three excited 
levels in Tm169 all have a K-value 112 since they belong to the rotational 
band which has the 1/2+ ground state as the ground state of the rotational 
band. Rotational levels are expected in heavy nuclei such as Tm169 
which are strongly deformed due to the large number of nucleons in 
excess of a closed nuclear shell. The ground state and the first three 
excited levels all show characteristics of a rotational band since they 
. 
have the same parity, and the total angular momentum increases by a . 
unit of one from one level to the next. The metastable state at level E 
is also easily explained by the presence of the rotational band since all 
transitions from this level are impeded due to the change in K being 
larger than the transition multipolarity in going to any level of the 
rotational b 'and. The energy levels associated with this rotational band 
are given by formula 2 on page 10 with K = 112, 
Eli2(I) =Ell2(0) + Ell2(1) [r(I+l) + a(-)I+li2(I+ll2il 
+ E 1 I 2 ( 2) [r< I+ 1) + a (-)I+ 1 I 2 (I+ 1/2 ~ 2 , 
Using levels Band C to evaluate the constants E 112(0), E 112(l), 
and ~assuming E 112(2} negligible, level Dis predicted at an energy 
of 137 . 9 kev . Taking into account the second order term and using 
levels B, C and D , the following values are obtained for the constants : 
a 
E (0) 
1/2 
E (1) 
1/2 
E (2) 
112 
= -. 7680 
=-18 . 20kev 
= 11.931 kev 
= 0 . 03696 ke v 
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Using the above parameters , a 9 I 2 rotational level is predicted at 
353. 1 kev and an 1112 rotational level at 389. 2 kev. Neither of these 
two levels would be populated in the decay from the ground state of 
169 Yb and therefore do not appear in the decay scheme . 
Levels E and F are single-particle excitation levels and have spin 
and parity assignments in agreement with predictions based on the 
curves of Figure 1 referred to earlier. Figure 1 is used since the 
nuclear energy levels shown in the decay scheme are excited levels of 
169 1 . d . the Tm nuc eus which contatns an od number of proto-ns, namely 
69 . Since 50 protons represent a closed shell, there are 19 protons 
in excess of the, closed shell which fill the succeeding higher energy 
orbits in pairs with the last odd proton occupying the lowest' lying of 
the unoccupied orbits . In the case of Tm169 which has a nuclear de-
formation 6 = 0 . 28 (20) , the order of filling orbits with the 19 odd 
protons as predicted from Figure 1 is shown in Figure 22. The spacing 
between orbits is shown as an indication of the energy spread between 
orbits andr'is based on the cur:ves of Figure 1 . The 69th proton would 
occupy a 112+ orbit according to this theory of deformed nuclei and 
the nucleus as a whole would exhibit a ground state spin of 1 I 2+ which 
\ 
is in agreement with the measured ground state spin of Tm 169 In 
addition, excited levels should be expected with 7 I 2+ and 7 I 2- assign-
ments. The 7/2+ would result from the 69th proton being excited to 
the 7 /2+ orbit, while the 7/2- would occur if the 68th (or 67th) proton 
were excited up to the 1/2+ orbitJleaving a single proton in the 7/2-
orbit. In this latter case.; energy would be needed to decouple the 67th 
and 68th protons which could account for the 7 I 2- level lying above the 
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7/ 2+ level in the decay scheme. Thus the theoretical prediction of ex-
pected single~particle excitation levels is in agreement with the experi-
mental data. 
The assignment of 9/2- to level G is based on the measured multi-
polarity of the 93 kev transition and the belief that level G is a part of a 
rotational band w.hich has the 7/2- level as the ground state of the band. 
This belief is supported by the lack of a cross -over transition from 
level G to level E which should occur if level G was simply a single 
particle excitation level. Normally a transition would be expected be-
tween levels G and E anyway, but the lack of this transition can be 
explained using the same arguments which explain the metastable state 
at level F, thus tying levels F and· G intimately together. On this basis 
level G is as signed a K-value of 7/2. 
169 The Yb nucleus has 70 proto·ns and 99 neutrons and therefore 
Figure 2 can be used in predicting its ground state. One would expect 
the ground state to be either I/ 2- or 7 I 2+ from the curves and since 
1/2- is in no way consistent with the K-capture transitions, 7/ 2+ is the 
169 
only logical choice. Although the ground state spin of Yb has not 
been experimentally measured, that of Er 167 has and it also has 99 
neutrons in the nucleus and its ground state spin is known to be 7/2 (26). 
169 Therefore~ the ground state of Yb has been assigned as 7/2+ and all 
future discussion will be on this basis. 
169 Since the ground state of Yb is assumed to be 7/ 2+, it is expected 
that the major percentage of K-capture should be to the 7 I Z, 7 I 2+ level 
of Tm 169 since this is an allowed transi~ion and more energetic thanK-
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capture to either the 7/2- or 9/2- states which involve first-forbidden 
transitions . The experimental K:-capture ratios are therefore inconsis-
tent with the principal theoretical consideration. In addition, the tran-
sitions from level F to level E as well as level G to level E are expected 
theoretically to be fast El transitions. According to the experimental 
data this is obviously not the case since level F is metastable with a 
measurable half-life and no transition exists between levels G and E,as 
pointed out previously. 
One possible explanation for these inconsistencies of the experimental 
data with conventional beta-decay selection rules is given by Alaga (la) 
in terms of new selection rules in the beta-decay of strongly deformed 
nuclei. Using the same classification of nuclear orbits as given in 
Figures 1 and 2 and studying the limiting case of very large deformations 
when there is an. approximate separation of the motion into oscillations 
along the symmetry axis and oscillations in the plane perpendicular to 
this axis, one can then use the quantum numbers N, ~-'-z' ..A. , and ..{1. to 
' describe a nuclear energy state . . N is the principal quantum number of 
the oscillator, 1-Lz the quantl.lm number of the oscillations along the 
asymmetry axis, ..A.. the component of the particle orbital angular 
momentum along the symmetry axis, and .!1 the projection of the total 
particle angular momentum on the symmetry axis. The selection rules 
for allowed transitions using these quantum numbersare given in Table 3 
and the selection rules for first~forbidden transitionsare given in Table 4 . 
These selection rules are confined to the transitions where ~I= ~-'l 
so that rotational branchings and K-forbidden t ransitions were omitted . 
63 
Tabl e 3 . Sel ection rules for allowed transitions 
Operators Selection rUles 
1 
cr 
~N=O, ~ =0, ~..A=O, ~il=O 
z 
AN= 0, ~ = 0, ~.A= 0, A.O. = 0, -:!: 1 
z 
No 
No 
Table 4. Selection rules for first-forbidden transitions 
operators Selection rules 
r 
(J"Xr 
+ ~N =- 1 
+ ~N =- 1 
+ ~N =-I 
+ AN=- 1 
+ ~z =- 1, 1A..l= 0 
+ ~ z = 0, A ..A = - 1 
+ ~z =- 1, AJ. = 0, 
A.!l = 0 
A.{l. = o 
4z =0, + ~.A.=- I, ~{}_ = 0, 
+ ~ =- 1, 
z 
A.A = 0, + A.n =- 1 
+ 4 =0, A.A =- 1, ~.n.. = 0, z 
-:!: 1 
+ 
-
1 ' 
+ 4z =- 1, A.A = 0, A.O = 0, -:!: 1 
. + + 4 =0, A.A. =- I, ~.!l = 0, - 1, z 
Yes 
Yes 
Yes 
Yes 
±z 
The terms "yes" and "no" in the selection rules refer to whether or 
not there is a change of parity in going from one nuclear state to another. 
The operators are representations of observable quantities such that 
when the operator is placed between the wave function of a state and its 
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u 
complex conjugate and integrated over all space, the average value of the 
quantity represented by the operator is obtained. In the case of a tran-
sition between two nuclear energy states, if the operator is placed be-
tween the wave functions of the initial state and the complex conjugate of 
the final state and integration is carried out over all space, zero values 
would be obtained in all cases except when certain prescribed' conditions 
are met by the changes in the quantum numbers associated with one state 
' 
,. 
in going to the other state. These prescribed conditions are known as 
the selection rules . . 
' , .,, j' ' I 
A transition whkh is permitted with respect to th~ sele<;tion rules of 
'•jl J 
all quantum n~be;s is referred' to as an unhindered transition, while a 
' ' 
. I ' .., . 
transition permi.~ted by the selection rule on ..0. and parity, but forbidden 
• I • 
I \ ; \ 
because of selection rules on one or more of the other quantum numbers 
\' . 
is called a hindered transition. The quantum numbers associated with 
the ground state of Yb~ 6_9 and states A, E, and F of Tm 169 are given in 
Table 5 and correspond to the orbital assignments (22) of Figures 1 and 2. 
, Table 5. 169 Orbital assignments of the Yb ground 
state and three states of Tm169 
Or1ht 
Isotope State (N, ~:z'..A. ,.(l) Parity --y-.,-,.,-:Q...::u_a_n_tum _ c_h_a_n..::g:...e_s...,..,fr..,o ... m_: __ _ 
169 . 169 Yb ground state Trn state F 
(ilN, 4z• ~.A., An) (D.N, ~z' ~J.., .An) 
Yb169 Ground 6, 3, 3 J '7/2 + 
Tm169 F 5,2,3,7/2 1,1,0,0 Yes 
Tm 169 E 4,0,4,7/2 + 2,3,-1,0 No 1, 2, -1, 0 Yes 
Tml69 A 4,1,1,1/2 + 2, 2, 2, 3 No 1, 1, 2, 3 Yes 
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The change in the quantum numbers in going from one state to a lower 
energy state is also given for the purpose of comparison with the selec-
tion rules. All transitions to level A (the ground state) of Tm 169 are of 
extremely low probability because of the large change in .11. . Transitions 
169 169 . from the Yb ground state to level F of Tm are seen to be unhmdered 
first-forbidden transitions since the selection rules in all quantum numbers 
are seen to be satisfied by each of three operators- o- • r, r, and B ... lJ 
Transitions to level E from the Yb 169 ground state, however, are hin-
dered allowed transitions since the conditions 6N = 0, .6p, = 0, and 
z 
6.A. = 0 would have to be satisfied in order to fit the selection rules. 
Similarly if the same selection rules were applied to gamma-ray tran-
sitions , the trans i tion from l evel F to level E would be a hindered tran-
sition since the t~ansition is forbidden by the selection rule on f.Lz in the 
case of E 1 transitions. 
These new selection rules in the beta-decay of strongly deformed 
nuclei therefore successfully explain the weak K-capture transition to 
level E as well as the metastable state at level F if the selection rules are 
applied to gamma-ray transitions . These same arguments can also be 
carried over to explain the absence of a transition from level G to level E 
if level G is a member of the rotational band which has level F as its 
ground state since the quantum numbers associated with level G should 
then be identical with those of level F with the exception of the total 
angular momentum quantum number which increases by one in going from 
one level of a rotational band to the next higher energy level of the same 
rotational band. 
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An additional explanation for the rather peculiar inconsistencies be-
tween conventional beta-decay theory and experimental results is pre-
sented in terms of the proton configurations of the two single particle 
. 169 169 
excttation levels of Tm and the Tm ground state, as well as the 
169 proton configuration for the ground state of Yb These configurations 
are shown in Figure 23. Only the top three orbits of Figure 22 are 
shown since they are the only ones of primary interest in this discus-
sion. 
When Tm 169 is in either the 7/2+ or the 7/2- state it will not decay 
immediately to the 1 I 2+ ground state because of the large multipolarity 
change involved. This accounts for the 0. 66 tJ. sec metastable · state at ' 
level E since all le~els below level E are associated with the 1/2+ ground 
state as · they are all part of the same rotational band. The higher levels 
of the rotational band do not involve large multipolarity changes with 
· level E, but transitions are impeded in these cases because of the 
' change in K being larger than the multipolarity of the transition as 
mentioned before . 
169 . . 
If the Tm . ~ucleus . is in the 7 I 2- state, the most favored tran-
sition should therefore be to the 7/2, 7/2+ state since all other transi-
tions are impeded as mentioned . However, it can be seen from Figure 23 
that a transition from the 7/2- to the 7/2+ state is hindered since the 
configurations indicated suggest a two particle nature to the transition. 
From Figure 23 it can be seen that for the configurations shown,two 
particles would have to depopulate the 1 I 2+ orbit with one going to the 
712- orbit and the other to the 7/2+ orbit. There remains the possibility 
of the single particle in the 7/2- orbit going to the 7/2+ orbit leaving · 
" t~ •I• 
7/2+.o:_ ____ _ 7/2+--~--- 7/2+·------ 7/2+------
1/2+~ J/2+------ 1/2+ )( )( 1/2 + )( )( 
7/2- " " 7/2- " " 7/2- )( 7/2- " " 
T~69 GROUND STATE Tm169 7/2 + STATE Tm189 7/2- STATE Yb169 GROUND STATE 
Figure 23. Proton configurations for Yb 169 and three states of Tm 169 
"' -J 
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the nucleus in a 7 I 2+ state with the 7 I 2- orbit depopulated instead of the 
112+ orbit. Since the configurations are not pure, there is expected to be 
a mixture of the two possible 7 I 2+ states and thus a hindrance to the 
transition since the major portion of the mixture of states should be the 
configuration shown in Figure 23. 
169 In order for the Yb ground state to decay to the 7 I 2, 7 I 2+ state 
of the Tm 169 , it can be seen that one proton in the I I 2+ orbit must react 
to become a neutron while the other goes to the 7 I 2+ orbit thus suggesting 
a hindrance of the type just mentioned. Since again the ground state con-
figuration of Yb 169 undoubtedly consists of a mixture including a -configura-
tion with the two protons shown in the 7 I 2- orbit being in the ,7 I 2+ orbit 
instead, the transition by single particle is possible but impeded by the 
major portion of the ground state mixture being in the configuration shown. 
A transition to the 7 I 2- state from the ground state of Yb 169 involves 
only a single-particle transition since all that is required is for a proton 
in the 7 I 2- orbit to be converted to a neutron in the reaction. Thus 
transitions to levels F or G from the Yb 169 ground state are unhindered 
in so far as consideration of the configurations of the states is concerned 
whereas decay to level E is hindered by the two-particle nature of transi-
tions between the predominantly expected configurations of the states . 
Similarly the probability of a transition from level G to level E would 
be very much less than the probability of a trallsition from level G to 
level F since the first involves a hindrance of the type mentioned whereas 
the latter is a single -particle Ml transition between adjacent levels of a 
rotational band . On this basis it is not surprising that a transition from 
( 
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level G t9 level E is not detected experimentally. 
All transitions from level F are therefore impeded either because of 
· K-forbiddenness or because the configurations of the states suggest a 
• two-particle nature to transitions between the most likely state configura-
tions and therefore level F should be a metastable state,as it was found 
to be experimentally. Thus the metastable state at level F, the lack of a 
cross-over transition from level G to level E, and the low percentage 
K-capture to level E ~an all be explained on the basis of the two-particle 
nature of transitions required between the predominately expected con-
figurations of the ~tates. 
169 . 
The Tm nucleus proves to be a very striking success for the 
Bohr-Mottelson theory of the Unified Model of the Nucleus. Levels A, 
· B, C and Dare undoubtedly members of a rotational band as are levels 
F and G. The two single-particle excitation levels, E and F, have spin 
and parity in agreement" with the predictions one would make for these 
levels using the theoretical curves developed by Bohr and Mottelson (2) 
for deformed nuclei. These same curves can be used to determine. the 
.quantum numbers associated with a state and thus predict whether a 
given transition shoul.d be hindered or unhindered according to the sel.ec-
tion rules of Alaga ( la) or to construct expected state configu:.;ations anci 
observe the nature of transitions between the predominant configurations. 
The application of these two methods of determining whether or not a 
') 
transition should be hindered has led to the explanation of three previously 
unexplained features of the decay scheme- namely, the small percentage 
K- capture to level E, the metastaole state at level F and the lack of a 
cros t -over transition from level G to- level E. 
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